Depression is known to be accompanied by abnormalities in the hypothalamic-pituitary-adrenal (HPA) axis and in the hypothalamic-pituitarythyroid axis. Little attention however, has been given to possible reproductive hormonal abnormalities in depression, despite suggestions that women are more vulnerable to depressive symptoms, particularly during times of rapid changes in gonadal steroid secretion. This article focuses on reproductive hormone status in two mood disorders: major depression and premenstrual syndrome (PMS).
Interest in reproductive hormones and depression date to the observations that depression is more common in women, specifically during times of changing ovarian steroids such as postpartum. Although it was known that more women seek treatment for major depression than men, initial studies focused on ascertaining if these sex differences were real or the result of assessment or treatment bias. The National Institute of Mental Health (NIMH) epidemiological catchment area (ECA) studies examining rates of major depression in the community at large [49, 66, 68] made explicit that the greater incidence and prevalence of depression in women (8% to 9% for depression plus dysthymia) were real. The reasons for this higher incidence of major depression in women remains unclear. In an excellent, now classic Endocrinol Metab Clin N Am 31 (2002) [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] review of sex difference in the prevalence of depression, Weissman and Klerman [87] described a number of possible ''etiologies'' for the greater prevalence of depression in women. None of the current psychological theories, however, account adequately for the greater prevalence of depressive disorders in women. Common to the various hypotheses about increased prevalence of depressive disorders in women is the concept that environmental factors contribute to the onset of major depression. Significant environmental risk factors include: loss of mother in childhood, stresses of family and job, lack of a close emotional relationship with oneÕs spouse, marital discord, the presence of three children under the age of 14 in the home, sexual discrimination, and victimization/sexual abuse [87] . All of these factors may be conceptualized as psychosocial stressors that contribute to the onset of major depression in vulnerable individuals. The demonstration of overactivity in the main stress hormone system of the body, the HPA axis, in patients with major depression, lends credence to the hypothesis that stress contributes to the onset of major depression [11, 70, 74] . In addition to psychosocial stressors, biological, and genetic components contribute to depression. Genetic studies have demonstrated familial inheritance for both unipolar and bipolar depression [23, 38, 89] . Both of these disorders are primarily episodic and recurrent, with increasing frequency of major depressive episodes developing over time. In women with a previous episode of major depression, rapidly changing gonadal steroid concentrations, such as those occurring premenstrually or postpartum, mark particularly vulnerable times for the occurrence of depressive symptoms. Early studies by Reich and Winokur [65] suggested that the risk of a postpartum depressive episode in women with a previous episode of major depression is 30% versus 8% at other times. Studies by O'Hara et al. [53, 54] confirm that a history of depressive episodes increases the risk of both postpartum ''blues'' and postpartum major depression. Studies by Halbreich et al. [29, 30] suggested that hormonal changes occurring premenstrually may affect mood. When not in a depressive episode, 62% of women with a history of past major depressive episodes reported the occurrence of premenstrual mood changes and biological symptoms typical of major depressive disorder, leading the authors to hypothesize that changes in gonadal steroid concentrations may contribute to depressive symptoms. Despite these various suggestions that reproductive hormones may play a role in mood disorders, the hypothalamic-pituitary-gonadal (HPG) axis has received little examination in depression, and the few existing studies have reached inconclusive findings, perhaps because they have tended to include men with pre-and postmenopausal women in the data analysis, rather than analyzing these groups separately. In their 1977 review on sex differences in depression, Weissman and Klerman [87] noted that ''no study could be located that correlated clinical state with female endocrines, utilizing modern endocrinological methods or sensitive quantitative hormonal assays.'' This only recently has begun to change.
Stress and the reproductive axis
Although the effects of stress on reproduction long has been recognized by clinicians, one of the earliest basic science reports of stress affecting fertility rates dates back to ChristianÕs observations on population density and reproductive cycles in lemmings and voles and the link of the infertile periods cycles to adrenal steroids [16] . The isolation and sequencing of corticotropin releasing factor [85] coupled with observations of Knobil on inhibition of luteinizing hormone (LH) pulses in awake primates restrained in a primate chair gave further impetus to the investigation of the effects of stress on the reproductive axis [39] . To understand the impact of stress on this axis, this article presents a brief overview of the HPG axis and then describe the effects of stress on the reproductive axis.
The HPG axis, which regulates gonadal steroid production, is a multiple level hormonal system involving brain and pituitary with feed forward and feedback elements. The secretion of the principal gonadal steroids, estrogen and progesterone, is governed by cyclic changes in ovarian follicular and corpus luteum development over the course of the menstrual cycle. Critical to the proper functioning and timing of the monthly hormonal cycle is the pulsatile secretion of gonadotropin-releasing hormone (GnRH). GnRH secretion from the hypothalamus drives the secretion of LH and follicle stimulating hormone (FSH) from pituitary gonadotropes [17] . Estradiol exerts a negative feedback on FSH secretion and both negative and delayed positive feedback effects on LH secretion [36] . The change in estradiol feedback from negative to positive late in the follicular phase is complemented by rising progesterone and results in the midcycle surge in LH necessary for ovulation.
Gonadal steroids exert negative feedback effects on the amplitude and frequency of GnRH pulses and through this mechanism (in addition to direct actions on the pituitary) inhibit the secretion of LH and FSH. Circadian changes in LH secretion are not as prominent as those of the HPA axis [35] .
Early studies with corticotropin-releasing factor (CRF) by Rivier indicated clear inhibitory effects of central CRF injection on GnRH secretion and subsequent studies in a number of species have continued to document inhibitory effects of CRF on GnRH and LH secretion [21, 22, 45, 51, 55, 57] (Fig. 1) . Additionally, central opioids, particularly b-endorphin, exert a tonic inhibition on GnRH secretion [21] , and it appears that central CRH can regulate arcuate b-endorphin release. CRH is distributed widely in the brain and appears to mediate a number of the behavioral effects of stress, including anorexia and anxiety, and to initiate the hormonal cascade of the HPA axis. The effects of CRH on GnRH secretion may be both direct and indirect: CRH neurons can synapse with GnRH neurons [45] , and CRH can function as a secretagogue for b-endorphin secretion from the arcuate b-endorphin system [52] . These inhibitory effects of gonadal steroids, b-endorphin and CRH appear to result from central actions of these hormones (i.e., actions in the brain).
In addition to the clear inhibition of GnRH secretion by CRH, older studies suggested that peripheral elements of the HPA axis may affect LH secretion. Several studies have demonstrated that corticotropin (ACTH) administration reduces the increase in serum LH concentrations following ovariectomy or orchidectomy [46, 80] . This effect depends on the presence of the adrenal, and may involve adrenal production of gonadal steroids which is regulated by ACTH [61] . Glucocorticoids also may exert inhibitory effects on GnRH secretion or LH responsiveness to GnRH, including direct effects of cortisol on the gonadotrope [67, 83] . A glucocorticoid responsive element (GRE) is present on the GnRH gene, providing the potential for glucocorticoids to modulate GnRH gene expression and this has been observed in several hypthalamus-derived cell lines [3, 15] . Diminished LH response to GnRH following long-term prednisolone treatment, has been found in women [75] . Furthermore, in women with CushingsÕ Disease, menstrual cycle irregularity correlate with hypercortisolemia [41] . Saketos et al. [76] observed slowing of LH pulse frequency with hydrocortisone infusion, although other investiators have not confirmed this [77] . b-Endorphin secreted by pituitary corticotropes also may be able to affect GnRH secretion by way of actions on the median eminence. In a series of studies by Ferin et al. in rhesus monkeys, peripherally administered CRH decreased LH pulse frequency and integrated LH secretion over several hours [24, 25, 55, 90, 91] . This effect involved a glucocorticoid regulated endogenous opioid system, suggesting the involvement of the anterior pituitary proopiomelanocortin (POMC) system.
Hypothalamic control of gonadotropins
The pulsatile secretion of GnRH is driven by a pulse generator in the arcuate nucleus of the hypothalamus [39] . The structural characteristics of individual pulses of GnRH and the time series pattern of their secretion controls frequency, amplitude and most likely nature of LH secretory episodes. Studies in sheep examining GnRH secretion into hypophyseal portal blood demonstrate a clear one to one correspondence between GnRH secretory pulses in portal blood and LH secretory pulses in peripheral circulation [17] . This pulsatile pattern of GnRH secretion is critical for the control of serum LH, FSH, and ovulation. Indeed, continuous administration of GnRH in a nonpulsatile pattern results in suppression of ovulation as effectively as inadequate secretion of GnRH. Studies in primates with arcuate lesions have demonstrated that administration of GnRH pulses in frequencies that are too fast or too slow result in low serum concentrations of LH [5] . Because access to the hypophyseal portal circulation in women cannot be gained to measure actual GnRH secretory dynamics, LH secretory pulses in the peripheral circulation are used as the marker of GnRH secretory pulses. In humans, the follicular phase of the menstrual cycle is characterized by reasonably constant amplitude LH pulses every 1 to 2 hours [62] . During the luteal phase, pulse amplitude becomes much more variable, and pulse frequency decreases to one pulse every 2 to 6 hours.
Similarities among depression, exercise-induced amenorrhea, anorexia nervosa and hypothalamic amenorrhea
Major depression is accompanied by increased cortisol secretion, resistance to the negative feedback effects of cortsiol and dexamethasone, and a decreased ACTH response to CRH administration [12, 27, 30, 34, 42, 58, 70, 93, 95] . In addition to depression, several other disorders of women have been described with HPA axis dysregulation similar to that seen in depressed women. These include exercise-induced amenorrhea, anorexia nervosa, and hypothalamic amenorrhea. In these syndromes, amenorrhea is a primary presenting problem. Hypercortisolemia also has been observed, indicating overactivity of the HPA axis [7, 13, 32, 44, 82, 86] . In all three syndromes CRH has been used as a challenge to evaluate pituitary and adrenal function. The response to CRH is similar to that seen in depressed patients (i.e. diminished ACTH or cortisol responses), suggesting that high baseline cortisol exerts negative feedback effects on the hormonal responses to CRH [9, 26, 33] . In anorexia nervosa, the hormonal abnormalities in HPA and HPG axes are secondary to weight loss. Weight restriction and low body weight also is observed in exercise-induced amenorrhea, and low body weight has been reported in hypothalamic amenorrhea. Even relatively mild degrees of weight loss in normal weight or obese subjects can lead to disturbances in both axes as manifested by resistance to dexamethasone and by disturbances in menstrual regularity or amenorrhea [8, 18, 59, 73] . Consequently, these amenorrheic syndromes present with evidence of weight loss, increased HPA axis activation, disrupted HPG functioning, and amenorrhea.
In common with the findings in these syndromes, weight loss and HPA axis overactivity are frequent findings in major depression, and increased cerebrospinal fluid levels of CRH have been reported in both depression and anorexia nervosa [37, 50] . The well-demonstrated inhibitory effects of central CRH on GnRH secretion suggest that if peripheral HPA axis overactivity reflects central CRH overactivity, then HPA axis disturbances should be accompanied by disturbances in GnRH secretion. The influence of this presumed CRH overactivity on gonadal hormone secretion only recently has been evaluated critically in men and women with major depression.
The disturbances in GnRH secretion in anorexia nervosa and hypothalamic amenorrhea have been evaluated primarily by examining the characteristics of LH pulsatile activity. In anorexia nervosa, LH secretory patterns may revert to prepubertal levels of low, nonpulsatile secretion, or to a pubertal pattern of entrainment of LH secretion to the sleep cycle. Studies by Reame et al. on women with hypothalamic amenorrhea demonstrated that LH secretion in the follicular phase is slowed to the rate normally observed during the luteal phase [62] . In these individuals, LH and FSH responses to GnRH appear normal, indicating that the reduced pulse frequency is not secondary to pituitary changes but presumably because of changes in the GnRH pulse generator.
Reproductive hormone studies in major depression
A number of older studies of reproductive hormones in depression [1, 2, 4, 6, 10, 19, 20, 43, 69, 72, 84, 88] examined mean LH levels but are problematic for interpretation, since they are based on isolated measurements in a dynamic system. Furthermore, these studies included men, premenopausal women in both follicular and luteal phases, and postmenopausal women without examining the influences of these factors separately. During the luteal phase, LH pulses are large (amplitudes of 1 to 10 mIU/mL) and infrequent (e.g., once every 6 hours). During the follicular phase, LH pulses are frequent but of smaller amplitude (2 to 5 mIU/mL). Finally, postmenopau-sally, absolute concentrations of LH can reach 30 to 50 mIU/mL. Furthermore, ''average LH concentrations'' miss a substantial portion of the information contained in this system, in which frequency modulation plays a critical role in the normal functioning of the axis, influencing both regulation of ovulation and subsequent ovarian hormone secretion.
In depression, response to GnRH has been assessed by three groups. Using a high dose of GnRH (250 lg), Winokur et al. reported a normal LH and FSH response to GnRH in a group of male and female depressed patients that included both pre-and postmenopausal women [88] . Measurements of LH concentration in a single blood sample revealed lower basal LH concentrations in depressed than in control postmenopausal women. The sample size was not large enough to analyze the baseline or response to GnRH stimulation data separately for men and pre-versus postmenopausal women. Unless GnRH secretion is markedly reduced, however, an abnormal response to GnRH would not be expected, since altered GnRH secretion is a central, not peripheral, phenomenon. Brambilla et al. [10] used a lower dose of GnRH (150 lg) to examine LH response to GnRH in 15 pre-and 32 postmenopausal depressed women. They noted a decreased LH response to GnRH in both groups. Measurement of serum LH in four samples drawn over the course of an hour again demonstrated lower baseline LH concentrations in postmenopausal depressed women than in their matched controls. Studies by Unden et al. [84] , again examining depressed patients of both sexes and not analyzed separately, observed no change in baseline or GnRH-stimulated LH and FSH secretion.
Recent studies have begun using modern understanding of reproductive hormones to examine LH pulsatility and other reproductive hormone levels in depression. OÕToole and Rubin [56] examined mean LH and FSH levels in depressed women and menstrual status but not phase-matched control women every half hour over 16 hours, and found normal mean levels of LH and FSH. A study by Meller et al. [47] , examining LH pulsatility in 10 depressed follicular phase women and 13 control women found no difference in number of LH pulses over an 8 hour period, although significantly increased LH amplitude and LH area under the curve were observed in depressed women. Schweiger et al. [81] examined pulsatile LH secretion and mean LH, FSH, and testosterone in depressed men and normal controls using frequent sampling methods. They found normal LH pulsatility and normal mean LH and FSH but decreased mean testosterone in men with major depression, leading them to conclude that gonadal function may be disturbed in men with a depressive episode.
The authors recently completed a study of 25 premenopausal depressed women (Fig. 2) [93] . Each woman was matched individually on age and menstrual cycle day to a healthy normal control woman. Samples were drawn every 10 minutes for 12 hours, and data were analyzed for LH pulsatility, mean FSH, estradiol, and progesterone. Twelve patients and their matched controls were studied in the follicular phase and 13 in the luteal phase. The authors found the expected follicular-luteal phase differences in mean FSH, and estradiol, and LH pulse amplitude, pulse half-life, and pulse number. The authors found no significant difference between patient and controls on any measure of LH except the half-life of LH, which was significantly shorter in patients than in controls. Furthermore, they found decreased mean estradiol in the follicular phase in depressed women. Given the normal progesterone levels in the luteal phase in depressed women, however, there appears to be no ovulatory defect in depressed women. These data, combined with the previous data of Schweiger [81] and Meller [47] suggest that the critical neuronal circuits controlling GnRH secretion and GnRH pulsatility are normal in depressed women. Furthermore, there was no relationship between mean 24 hour cortisol and any LH parameter in the study, despite the presence of hypercortisolemia in some subjects. Likewise, the depressed subjects in the reports by Schweiger et al. [81] demonstrated activation of the HPA axis as reflected by increased cortisol secretion. Still, there may be a gonadal defect in major depression leading to lower testosterone in depressed men and lower estradiol in follicular phase depressed women. Alternatively, it may be that individuals with low estradiol are more vulnerable to major depression. (in men, testosterone is converted to estradiol in vivo and exerts a number of effects through estradiol receptors) (Fig. 3) . 
PMS and ovarian hormones
One of the most well-studied mood disorders with respect to the influence of ovarian steroids on mood is PMS or late luteal phase disorder (DSM-IIIR). The experience of researchers in the field is uniform in that many more women report significant variations in mood premenstrually in retrospective reports than are found to have symptoms with prospective studies. Thus, it is necessary to define the study population carefully and limit both endocrine investigations and treatment to women with clear luteal phase depressive symptoms who are well during the follicular phase. Studies by Reame et al. [64] used state-of-the art assays and optimal sampling frequency to investigate LH, FSH, pulse frequency, and amplitude in follicular, mid-and late luteal phases of the menstrual cycle, and examine estradiol and progesterone levels at these three time points. At no time were estradiol and progesterone different between women with PMS compared with controls. LH pulse frequency was also similar in both groups with parallel changes across the menstrual cycle. Mean FSH was higher in the PMS group at mid luteal phase, although the meaning of an isolated change in FSH is hard to explain. Thus, the data do not suggest an alteration in GnRH secretion or ovarian steroids in women with PMS. Despite the absence of documented abnormalities in these hormone systems, a number of studies suggest that manipulations of ovarian steroids can improve the symptoms.
One of the best documented effective treatments is elimination of menstrual cycling with leuprolide, a GnRH agonist, that improves mood. Because this also leads to hypoestrogenism, which affects bone density and cardiovascular disease, it is necessary to add both steroid hormones. In the study by Mortola et al. [48] , just the addition of a placebo with the suggestion that it might make mood symptoms worse, caused a significant worsening in mood symptoms. Still, addition of conjugated equine estrogen with or without medroxyprogesterone acetate (MPA) while still on leuprolide did not lead to a relapse in depressive symptoms. Not all studies have agreed that progesterone can be added back without significant worsening of symptoms. In fact, this may depend upon the dose of progesterone, since higher doses cause relapse and administration of oral contraceptives which have more potent progesterone than MPA exacerbate PMS [31] . Although it appears that some aspect of menstrual cycling may exacerbate mood problems in vulnerable women, whether this extends to women with major depression is unclear. Finally, progesterone has been used for the treatment of PMS despite its documented lack of effectiveness. Although clearly not effective, it does not appear to worsen mood symptoms [92] .
Because it was believed that the symptoms of PMS are related to delayed effects of progesterone on mood, several studies have investigated the effects of RU486, a progesterone antagonist on mood symptoms. In studies by Schmidt et al. [79] , the creation of an artificial follicular phase during the second half of the menstrual cycle by the use of RU486 plus human chorionic gonadotropin did not result in a reduction of mood symptoms. Likewise blockade of progesterone's action led to early menses with depressive symptoms still occurring. Likewise, the study by Chan, et al. [14] using a randomized double blend placebo controlled cross-over design for 6 months showed no effectiveness of RU486 on mood symptoms. Thus, although generally believed that PMS is related to changes in CNS neurotransmitter systems caused by progesterone, the data did not support that progesterone blockade affects these mood symptoms. This led Rubinow and Schmidt [71] to propose that PMS is a cyclical mood disorder ''entrained'' to the menstrual cycle, rather than a disorder caused by changes in ovarian steroids.
Ovarian steroids' effects on mood in major depression
As reviewed previously, the changes in sex steroids in major depression are small, it is possible, however, that depressed women may be more resistant to the beneficial effects of ovarian steroids on mood. An early report by Prange et al. [60] , suggested that estrogen could act to augment the response to antidepressants. Many clinicians routinely provide estrogen supplementation to postmenopausal depressed women to improve mood, although even this practice has not been documented in placebo controlled trials. Only recently has antidepressant response been examined by sex and menopausal status to determine if ovarian steroids influence treatment response. In a large multicentered collaborative study comparing sertraline with imipramine [40] , it was observed that premenopausal women showed a greater drop out rate because of side effects in the imipramine group, while men and postmenopausal women dropped out more on the sertraline. There was a trend level finding that premenopausal women responded better to sertraline than imipramine while postmenopausal women responded better to imipramine. Additionally, women on oral contraceptives responded even better to he sertraline than premenopausal women. These data further suggest the need for placebo controlled trials of estrogen augmentation to depression.
Summary
This article has demonstrated that stress and HPA axis activation affect the reproductive axis. Despite similarities in the HPA axis picture between women with major depression and those with hypothalamic amenorrhea and exercise or nutritional amenorrhea, no abnormalities in LH secretion have been documented in major depression. Lower estradiol in the follicular phase in depressed women and lower testosterone in depressed men however, have been observed [81, 92] . Although PMS would appear to be the best candidate for a mood disorder associated with abnormalities in reproductive hormones, no abnormalities in LH, estradiol or progesterone have been documented in PMS either [62] . Similarly, blockade of progesterone appears to be ineffective as a treatment for PMS [79] . Complete elimination of monthly cycling with leuprolide improves mood, however. No published studies have examined women with major depression to determine whether leuprolide will exacerbate or improve depressive symptoms. Some studies suggest beneficial effects of estrogen on mood in postmenopausal women, but no placebo controlled studies have explored estrogen augmentation in the treatment of major depression in either post-or premenopausal women, although estrogen is beneficial in women with perimenopause-related mood disorders [78] .
